The residue Glu 636 is located near the thiamine diphosphate (ThDP) binding site of the Escherichia coli pyruvate dehydrogenase complex E1 subunit (PDHc-E1), and to probe its function two variants, E636A and E636Q were created with specific activities of 2.5 and 26% compared with parental PDHc-E1. According to both fluorescence binding and kinetic assays, the E636A variant behaved according to half-of-the-sites mechanism with respect to ThDP. In contrast, with the E636Q variant a K d,ThDP ‫؍‬ 4.34 M and K m,ThDP ‫؍‬ 11 M were obtained with behavior more reminiscent of the parental enzyme. The CD spectra of both variants gave evidence for formation of the 1,4-iminopyrimidine tautomer on binding of phosphonolactylthiamine diphosphate, a stable analog of the substrate-ThDP covalent complex. Rapid formation of optically active (R)-acetolactate by both variants, but not by the parental enzyme, was observed by CD and NMR spectroscopy. The acetolactate configuration produced by the Glu 636 variants is opposite that produced by the enzyme acetolactate synthase and the Asp 28 -substituted variants of yeast pyruvate decarboxylase, suggesting that the active centers of the two sets of enzymes exhibit different facial selectivity (re or si) vis à vis pyruvate. The tryptic peptide map (mass spectral analysis) revealed that the Glu 636 substitution changed the mobility of a loop comprising amino acid residues from the ThDP binding fold. Apparently, the residue Glu 636 has important functions both in active center communication and in protecting the active center from undesirable "carboligase" side reactions.
The Escherichia coli pyruvate dehydrogenase complex (PDHc) 1 plays a pivotal role in carbohydrate utilization by bacterial cells according to the Reaction 1.
The first subunit of the complex, pyruvate dehydrogenase (PDHc-E1) is a dimer of two identical subunits of molecular mass of 99,474 Da each and has thiamine diphosphate (ThDP) as a cofactor in each of the two active centers as depicted in Scheme 1.
The three-dimensional structure of the E. coli PDHc-E1 has been solved in complex with ThDP (2) and with thiamine 2-thiazolone diphosphate (ThTDP) (3) , an analog of ThDP with C2 ϭ O substitution in place of C2 ϭ H. In the crystal structure of PDHc-E1 with ThTDP, the residue Glu 636 (Glu 636 PDHc-E1) participates in an extensive hydrogen bonding network with amino acid residues in the active site important for binding of ThTDP and probably binding of reaction intermediates as well ( Fig. 1) (3) . We carried out substitution at this position, resulting in the E636A and E636Q PDHc-E1 variants. A variety of tools were used to study the kinetic and structural/mobility consequences of the substitutions, leading us to conclude that the residue Glu 636 in PDHc-E1 has multiple functions: participation in monomer-monomer interactions; affecting the mobility of some key loops located near the active center; and protecting the active site from undesirable "carboligase" side reactions. The carboligase side products, acetoin and acetolactate, arise when the central enamine intermediate reacts with acetaldehyde or pyruvate, respectively, rather than being oxidized by the lipoyl-E2 of PDHc or an artificial external oxidizing agent. Formation of these carboligase products with enantiomeric excess (readily identified by circular dichroism (CD) spectroscopy)] clearly signals that the condensation had taken place on the enzyme.
EXPERIMENTAL PROCEDURES
Materials-The QuikChange site-directed mutagenesis kit was from Stratagene (La Jolla, CA). The Wizard 373 DNA purification system was from Promega (Madison, WI).
Bacteria and Plasmids-The E. coli strain JRG3456 transformed with pGS878 was used for overexpression and site-directed mutagenesis of the aceE gene encoding the E1 subunit of the E. coli PDHc (4) . E. coli strain JM101 carrying the plasmid pGS331 encoding the hybrid lipoyl domain was kindly provided by Professor John Guest of the University of Sheffield. The pET-22b(ϩ)-1-lip PDHc-E2 plasmid in E. coli BL21(DE3) cells was used for overexpression of 1-lip PDHc-E2. This is a special construct lacking two lipoyl domains observed in wild-type PDHc.
Construction of the E636A and E636Q PDHc-E1 Variants-Mutagenesis reactions were carried out using double-stranded pGS878 DNA, along with two synthetic mutagenesis primers complementary to opposite strands of DNA and reagents supplied with the QuikChange site-directed mutagenesis kit for 16 cycles. The following synthetic oligonucleotide and its complement were used as mutagenic primers (mismatched bases underlined and mutant codons in boldface type): 5Ј-CCCTGAACGGCGCAGGTCTGCAGCACG-3Ј for E636A PDHc-E1 and 5Ј-CCCTGAACGGCCAAGGTCTGCAGCAC-3Ј for E636Q PDHc-E1.
The success of the mutagenesis was verified by sequencing the PDHc-E1 gene at the Molecular Resource Facility at UMDNJ-New Jersey Medical School, Newark, NJ.
Overexpression and Purification of PDHc-E1 and Its E636A and E636Q Variants-Overexpression and purification of PDHc-E1 and its E636A and E636Q variants were carried out according to the protocols described previously for E. coli PDHc-E1 (4, 5) .
Overexpression and Purification of Lipoyl Domain and of 1-lip PDHc-E2-Overexpression and purification of lipoyl domain were carried out according to Ali and Guest (6) and the protocol described previously (5) . Overexpression and purification of 1-lip PDHc-E2 were as presented previously (7) .
Activity and Related Measurements-The PDHc-E1 activity was measured by reconstituting PDHc activity with added PDHc-E2-E3 subcomplex and monitoring the pyruvate-dependent reduction of NAD ϩ at 340 nm as published previously (4) . The E1-specific activity was measured in the model reaction monitoring the reduction of 2,6-dichlorophenolindophenol (DCPIP) at 600 nm (8) . The formation of chiral acetolactate in the carboligase reaction was monitored at 30°C using an AVIV 202 circular dichroism spectrometer at 301-302 nm (1-cm path) in 2.5 ml of incubation medium containing 10 mM potassium phosphate (pH 7.0), 2 mM MgCl 2 , 1 mM ThDP, 0.30 mg/ml E636A or E636Q variants of PDHc-E1, and 1-50 mM pyruvate to initiate the reaction. The amount of acetolactate formed was calculated using the molar ellipticity of 3,000 degrees cm 2 dmol Ϫ1 reported recently for (S)-acetolactate. 2 Circular Dichroism Experiments with PDHc-E1 and Its E636A and E636Q Variants-CD experiments were carried out on an AVIV 202 spectrometer. PDHc-E1 and its E636A and E636Q variants were made free of ThDP on a Sephadex G-25 column and then titrated with ThDP and pyruvate (10), or phosphonolactyl-ThDP (PLThDP) (11) .
Fluorescence Spectroscopy-Fluorescence spectroscopic determina-2 Vinogradov, M., Kaplun, A., Vyazmensky, M., Engel, S., Golbik, R., Tittmann, K., Uhlemann, K., Meshalkina, L., Barak, Z., Hü bner, G., tion of binding constants was carried out on a Cary Eclipse spectrometer as reported earlier (8) .
Reductive Acetylation of the Lipoyl Domain and of 1-lip PDHc-E2 Monitored by MALDI-TOF Mass Spectrometry-For the reductive acetylation of lipoyl domain, PDHc-E1 or its Glu 636 variant (0.1 M) was incubated in 20 mM HEPES (pH 7.0) with 2 mM MgCl 2 , 0.2 mM ThDP, 2.0 mM pyruvate, and 0.30 mM lipoyl domain in a total volume of 0.10 ml at 25°C. After 30 min, a 1-l sample was mixed with 1 l of sinapinic acid on the target plate. For the reductive acetylation of 1-lip PDHc-E2, PDHc-E1 or its E636 variants (0.1 M) were incubated in 50 mM TrisHCl (pH 8.0) containing 0.30 M NaCl, 2 mM MgCl 2 , 0.2 mM ThDP, 2 mM pyruvate, and 1-lip PDHc-E2 (2 mg/ml) in a total volume of 0.10 ml at 25°C. Aliquots were withdrawn at different times of incubation, then trypsin was added to digest 1-lip PDHc-E2 (w/w ratio of 1-lipPDHc-E2: trypsin ϭ 200:1). After 40 min of incubation, 0.15 mg/ml benzamidine hydrochloride was added to terminate trypsinolysis. Samples were diluted 10-fold with 0.1% trifluoroacetic acid, and a 1-l sample was mixed with 1 l of sinapinic acid on the target plate. Mass spectra were acquired on a Voyager-DE PRO MALDI-TOF mass spectrometer as reported earlier (5) .
Rapid 1 H NMR spectroscopy using a VARIAN INOVA 500 or 600 MHz NMR spectrometer. A total of 32,000 data points were collected per scan over a spectral width of 12 ppm using a delay of 2.5 s. The base lines of the NMR spectra were corrected with a polynomial function. The peak integrals were determined with the program Xwinnmr or MestReC. If peaks were not fully resolved, a software-implemented deconvolution and integration routine was applied.
Product Analysis-The differences in the chemical shifts of the methyl signal in the 1 H NMR spectra of acetolactate, acetoin, acetate, and pyruvate enabled both identification and quantitative analysis of the products of the carboligase reaction. The methyl groups of acetolactate give rise to two singlet resonances with d 1.463 and 2.260 ppm, those of acetoin to a singlet with d 2.231 ppm and a doublet at 1.385 ppm (with a coupling constant of 7.5 Hz), that of pyruvate to two singlets at 1.490 and 2.378 ppm (hydrate and keto forms), whereas that of acetate gives one singlet at 1.924 ppm. (Experimental conditions are given in the legend to Fig. 8) .
Tryptic Digestion of PDHc-E1 and Its E636A Variant for FT-ICR MS Analysis-For the tryptic digestion of PDHc-E1 (5.6 mg/ml), the E636A variant in complex with ThDP (5.8 mg/ml), and apo-E636A variant (6.7 mg/ml; ThDP was removed by gel filtration), a 100-l aliquot of the sample was incubated with trypsin in 50 mM Tris buffer (pH 8.2) for 3 h at 25°C (the w/w ratio of protein to trypsin was 1,000:1). The reaction was terminated by the addition of benzamidine hydrochloride (0.15 mg/ml stock). Prior to the mass spectrometric analysis, the samples were treated with peptide macrotrap, designed to bind peptides, concentrate the sample, and to remove salts and nonvolatile buffer (MICHROM Bioresources, Inc.). The nonvolatile buffer was exchanged for buffer A, consisting of a 1:99:0.10 (v/v/v) mixture of methanol, water, and formic acid.
FT-ICR MS Analysis of the Digested Proteins-Mass spectrometric analysis was carried out on a Bruker-4.7 Tesla FT-ICR mass spectrometer. The samples were introduced into the mass spectrometer through a Cole-Parmer syringe pump at a flow rate of 100 l/h. Mass spectra were acquired with electrospray in the positive ionization mode. To achieve high accuracy in the mass measurement, the mass spectrometer was calibrated using Agilent ES Tuning Mix over a mass to charge ratio of 300 to 2,500. The acquired mass spectra were deconvoluted, and the mass to charge ratios of the monoisotopic peaks of various tryptic peptides were recorded. Identification of these peptides was accomplished by matching their monoisotopic signals from the deconvoluted mass spectra to the theoretical monoisotopic values of the expected tryptic peptides using the Sequence Editor of Bruker's biotool program, version 2.0.
RESULTS

Effect of Glutamate 636 Substitution on Structure/Mobility as Detected by Access to Trypsinolysis
Peptide maps were generated for PDHc-E1 and its E636A variant in complex with ThDP according to our protocol presented in this paper and reported recently (Fig. 2, A , B, and C) (12) . The C-terminal region corresponding to amino acid residues 712-886 is not presented because there appear to be no significant changes. The following regions of interest were compared in the two peptide maps: peptides encompassing amino acid residues 1-55, 401-413, and 541-557, for which no electron density was found in the crystal structure of PDHc-E1 (2); the peptide 157-181 encompassing the amino acid residues Tyr 177 and His 179 , which was reported earlier to have a role in stabilization of reaction intermediates (8) ; and the peptide 240 -247 encompassing amino acid residues from the ThDP binding fold first identified by sequence alignments of ThDP enzymes (Gly 229 -Asn 260 ) (13) . According to the tryptic peptide map ( Fig. 2A) , the peptides 15-31, 45-80, and 45-79 were not identified with the E636A variant, unlike with parental PDHc-E1, suggesting that this flexible region is not exposed to proteolysis in the E636A variant. Recently, we reported that the N-terminal region of PDHc-E1 (amino acid residues 1-55) is protected by PDHc-E2 and is important for the specificity of recognition of PDHc-E1 by PDHc-E2 (12) . The peptide 157-181 is exposed to trypsinolysis in both proteins despite the fact that Glu 636 forms hydrogen bonds with Tyr 177 and Arg
166
, according to the crystal structure of the complex of PDHc-E1 with ThDP (2), indicating no changes in this loop on Glu 636 substitution ( Fig. 2A ). More importantly, the peptide 240 -247 encompassing the residues from the ThDP binding fold is in evidence for the E636A variant but not for the parental PDHc-E1. Similar observations were made with the apo-E636A (enzyme free of ThDP) and the E636A variant in its complex with PLThDP, an analog of the first covalent intermediate LThDP, indicating that this region becomes exposed to trypsinolysis on Glu 636 substitution. In Fig. 2B , the tryptic peptides 383-403, 383-410, 393-411, 404 -411, and 411-418 are not very well defined for parental PDHc-E1 and its E636A variant, indicating that the loop encompassing the amino acid residues 401-413 is not exposed to the trypsinolysis. The peptides 501-507, 515-524, and 525-533 ( Fig. 2C ) are very much exposed to trypsinolysis in the Glu 636 -substituted PDHc-E1 but not in the parental enzyme, indicating mobility/structural changes in this region. In the native crystal structure the 501-507 and 525-533 segments form helices that interact directly with each other through hydrogen bonding, and the nearby residue Glu 522 interacts with Glu 636 via a hydrogen bonding network comprising multiple water molecules. In contrast, the peptide 534 -550 encompassing the amino acid residues 541-557 from the disordered loop is protected in the Glu 636 -substituted protein but not in parental PDHc-E1. These findings were confirmed comparing the apo-E636A variant in the absence and presence of PLThDP (data not shown). The C-terminal region is exposed to trypsinolysis in both enzymes (data not shown). In summary, the tryptic peptide maps allowed us to identify structural/mobility changes in the active site of PDHc-E1 on Glu 636 substitution, particularly in the ThDP-binding fold and in the loop encompassing the amino acid residues 541-557 from the disordered region.
The changes induced in the tryptic peptide maps by the single substitution at residue Glu 636 are impressive. We note, however, that at the current level of analysis of tryptic digest data, we cannot differentiate structural changes from changes in loop mobility. Yet, we currently have sufficient structural
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evidence on PDHc-E1 both without and with ThDP, as well as with several ThDP analogs, to conclude that more than likely the changes induced by the E636A substitution are caused by changes in loop mobility rather than gross conformational rearrangements.
Biochemical Behavior of the E636A and E636Q Variants of PDHc-E1
Kinetic Assays and Reductive Acetylation of 1-Lipoyl PDHc-E2-The activities of the PDHc-E1 and its E636A and E636Q variants measured with different assays are presented in Table  I . After reconstitution with PDHc-E2-E3 subcomplex, the E636A variant retained 2.5%, and the E636Q variant 26% of the activity of parental PDHc-E1 according to overall PDHc assay in the presence of 0.20 mM ThDP. This activity could be enhanced 5.4-fold (E636A) and 1.4-fold (E636Q) by the addition of 5 mM ThDP. According to an E1-specific assay using the external oxidizing agent DCPIP in the absence of PDHc-E2-E3 subcomplex the activities were 38% (E636A) and 35% (E636Q) with pyruvate as substrate compared with the parental enzyme, indicating that decarboxylation of pyruvate is only modestly affected by these substitutions.
Reductive acetylation of the lipoyl domain and of 1-lip PDHc-E2 was also unaffected by the E636A and E636Q substitutions. It was found that after 1 min of incubation (the first point of detection) with PDHc-E1 and its variants, the lipoyl domain derived from 1-lip PDHc-E2 by tryptic digestion was present in its acetylated form, with a mass of 10,157 Da (PDHc-E1), 10,162 (E636A), and 10,156 Da (E636Q) in good agreement with the theoretical mass of 10,159 Da (7). The lipoyl domain expressed independently was also fully acetylated after 30 min of incubation with PDHc-E1 or its Glu 636 variants (a molecular mass of 9,020 Ϯ 1.66 Da was detected for the Glu 636 variants, similar to that of the parental PDHc-E1 (mass ϭ 9,019 Ϯ 2.0 Da)). (Fig. 3) . (Table II) (Table II) . Progress Curve Analysis of ThDP Binding-The progress curves for the overall PDHc reaction (NADH production) exhibited an activation lag phase for both PDHc-E1 variants, and the lag phase is shortened on addition of increasing concentrations of ThDP but is still in evidence even at 1 mM ThDP (Fig.  4A for the E636Q variant) . In contrast, whereas the 3-lipoyl domain and 1-lipoyl domain PDHcs and the E1 subunit resolved from the former all showed a lag phase on ThDP binding, with each the lag phase disappeared at Ͼ25 M concentration of ThDP (15) . The presence of this lag phase implies a slow isomerization step subsequent to binding of ThDP. Kinetic analysis of the lag phase via a plot of 1/ versus [ThDP] (where is the duration of the lag phase) showed hyperbolic behavior, indicating that more than one step is required to reach a catalytically active enzyme (Fig. 4B) . Values of k 2 ϭ 0.0384 Ϯ 0.002 s Ϫ1 and k Ϫ2 ϭ 0.0125 Ϯ 0.002 s Ϫ1 were determined for the slow isomerization step using Equation 1 (15) and were not different from those reported by us earlier for 1-lip and 3-lip PDHc (14) .
According to the mechanism of activation of E. coli PDHc-E1 by ThDP proposed from our laboratory (15), the minimal mechanism that can accommodate the data for the E636Q variant is given in Equation 2, rapid binding followed by slow isomerization, and, importantly, does not include binding of ThDP in the second site.
For the E636A variant the activation lag phase was reduced by 59% on addition of 5 mM ThDP (data not shown), and a plot of 1/ versus [ThDP] was also hyperbolic, indicating a mechanism similar to that presented above. However, because of the large error in the determination of the k 2 and k Ϫ2 rate constants, these data were not reliable.
Evidence for Formation of 1Ј,4Ј-Imino-ThDP on Binding of PLThDP-The
Rutgers group reported recently that the addition of PLThDP, an analog of LThDP, the covalent adduct formed between pyruvate and ThDP (Scheme 1) to PDHc-E1, produces a positive CD band with maximum at 305 nm, assigned to the formation of the 1Ј,4Ј-imino tautomer of PLThDP on the enzyme (10, 11) . The CD spectra of the E636A and E636Q variants on addition of PLThDP were similar to that observed with parental PDHc-E1, indicating formation of the 1Ј,4Ј-imino tautomer (Fig. 5, A and B, presents data for the E636A variant). The values of K d,PLThDP were 3.5 M (E636A) and 0.86 M (E636Q) compared with 1.37 M reported for parental PDHc-E1; however, the amplitude of the CD signal at 305 nm for the Glu 636 variants was only half of that with the parental PDHc-E1, also consistent with half-of-the-sites reactivity (Table III) (Table III) .
Carboligase Reactions Catalyzed by the E636A Variant of PDHc-E1
The group at Rutgers recently suggested that formation of the PDHc-E1⅐ThDP-pyruvate Michaelis complex could be monitored via a negative CD band with a maximum at 327 nm (10). This CD band was not observed with the E636A and E636Q variants. Instead, a negative CD band at 300 -310 nm developed immediately on addition of 2 mM pyruvate, indicating formation of optically active acetolactate, whose formation requires that the enzyme-bound enamine intermediate reacts with a second molecule of pyruvate (for the E636A variant, see Fig. 6A ). The negative CD band at 300 -310 nm was still in evidence after removal of the protein (Fig. 6B, curve 2 ) but diminished significantly in amplitude (or was completely eliminated) on acid treatment at pH 2.0, suggesting decarboxylation of acetolactate to racemic acetoin on release from the enzyme-bound ThDP (Fig. 6B, curve 3) . Analysis of the CD 
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spectra for parental PDHc-E1 indicates the presence of optically active acetoin (positive CD band with maximum around 280 nm) but not of acetolactate as the major product of the carboligase side reaction, requiring that the enzyme-bound enamine intermediate react with free acetaldehyde (see Fig.  6C, curve 2) . Formation of free acetaldehyde with k cat of 0.27 Ϯ 0.02 s Ϫ1 was confirmed for parental PDHc-E1 using a coupled assay with yeast alcohol dehydrogenase/NADH (10). Optically active acetolactate was also detected in the CD spectra of the E636Q variant (data not shown).
The rate of acetolactate formation by the E636A and E636Q variants could be measured directly using the CD signal at 301-302 nm and a molar ellipticity of 3,000 degrees cm 2 dmol
Ϫ1
reported for (S)-acetolactate. 2 The rate of acetolactate production was shown for both variants to depend on the concentration of pyruvate with S 0.5 ϭ 14 mM for the E636A and 15 mM for the E636Q variant. Values of k cat ϭ 2.23 Ϯ 0.05 s Ϫ1 (E636A) and 1.66 Ϯ 0.12 s Ϫ1 (E636Q), corresponding to activities of 0.670 Ϯ 0.016 unit/mg of protein (E636A) and 0.498 Ϯ 0.036 u/mg protein (E636Q) for acetolactate production were determined at saturating concentration of pyruvate (40 -50 mM). These results strongly suggest that the residue Glu 636 in the active site of PDHc-E1 protects the enamine from a second molecule of pyruvate, probably by repelling the negative charge of the second molecule of pyruvate. Obviously, the residue does not display the same characteristics vis à vis the first pyruvate.
Analysis of ThDP-bound Covalent Intermediates in PDHc Catalysis Using 1 H NMR
A new method using 1 H NMR for analysis of ThDP-bound covalent intermediates developed by the Halle group (16) was applied to PDHc-E1 and its E636A variant. In the absence of PDHc-E2 and PDHc-E3, pyruvate is converted by PDHc-E1 in Table I . b S 0.5 .
FIG. 4.
A, ThDP dependence of the lag phase for E636Q PDHc-E1. The reaction mixture contained in 1.0 ml: Tris-HCl (pH 8.0), 2 mM MgCl 2 , 2.5 mM NAD ϩ , 2.6 mM dithiothreitol, 0.20 mM coenzyme A, and 2 mM sodium pyruvate. The progress curve for NADH formation was monitored at 30°C after initiation of the reaction by the addition of a mixture of 1 g of E636Q PDHc-E1 and 10 g of PDHc-E2-E3 subcomplex preincubated for 5 min at 25°C. B, dependence of the reciprocal of the lag phase on ThDP concentration. The reaction conditions were the same as in A.
FIG. 5.
A, near-UV CD spectra of E636A PDHc-E1 on addition of PLThDP. E636A PDHc-E1 (8.23 M dimers or 16.46 M active sites) was titrated with PLThDP (5-55 M; lines [3] [4] [5] [6] [7] [8] at 30°C in 10 mM potassium phosphate (pH 7.0) containing 2.0 mM MgCl 2 . All ThDP was separated from the protein on a G-25 column before the experiment. B, dependence of the ellipticity at 305 nm on the concentration of PLThDP. For each concentration of PLThDP, the ellipticity at 305 nm was obtained from a difference spectrum generated by subtraction of the spectrum of E636A-PDHc-E1 with no PLThDP present. 
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a single-turnover experiment to HEThDP at equilibrium with the enamine, as presented in Schemes 1 and 2. The experiments were carried out in the presence of saturating concentrations of pyruvate, which allows for the reaction intermediates to reach a constant steady-state level because of the equal rates of their formation and decomposition. A 1 H NMR analysis of the steady-state intermediate distribution revealed formation of HEThDP (Fig. 7A) . No LThDP could be detected at any time point of analysis, indicating that kЈ 3 Ͼ Ͼ kЈ 2 , hence the formation of enzyme-bound LThDP (kЈ 2 ) is the rate-limiting step (Scheme 2). Analysis of the time dependence by 1 H NMR provided a rate constant for formation of enzyme-bound HEThDP k 2 Ј ϭ 11.7 Ϯ 2.5 s Ϫ1 . This number is slower than the k cat ϭ 98.7 s Ϫ1 determined in the overall PDHc reaction (it is known that the reductive acetylation of the PDHc-E2 by PDHc-E1 is the rate-limiting step in reaction of the entire complex) but is faster than the k cat ϭ 1.27 s Ϫ1 determined in the E1-specific reaction with DCPIP and pyruvate as substrates. The decarboxylation of LThDP (k 3 Ј) under the experimental conditions was at least 10 times faster than the formation of LThDP (kЈ 2 ). The parental PDHc-E1 clearly shows halfof-the-sites reactivity: even after 30 s of reaction time at 30°C, 50% of the active sites were occupied with HEThDP and 50% with ThDP (Fig. 7A) .
A similar analysis of covalent ThDP intermediates carried out with the E636A PDHc-E1 revealed the presence of ThDP, HEThDP, and acetolactyl-ThDP (ALThDP), but not of LThDP at any time, similar to the behavior of parental PDHc-E1 (Scheme 2 and Fig. 7B ). Under steady-state conditions ϳ20% of the active sites were occupied with covalent intermediates: HEThDP (14%) and ALThDP (6%). Assuming half-of-the-sites reactivity, the remaining 30% of the intermediate distribution was assigned to enzyme-bound ThDP. A kinetic treatment according to Ref. 17 allowed us to calculate the microscopic forward rate constants of the futile acetolactate synthase reaction (Table IV) . Apparently, the three kinetic barriers in acetolactate synthesis (formation of LThDP, ligation of pyruvate to the enamine and release of acetolactate) are all rather similar.
Both acetoin and acetolactate could be identified via their methyl 1 H NMR chemical shifts (18) . Moreover, acetate was also identified as a reaction product, probably resulting from an oxygenase side reaction (19) .
HEThDP/enamine ϩ O 2 3 peracetic acid ϩ ThDP REACTION 2 peracetic acid ϩ pyruvate 3 CO 2 ϩ 2 acetate REACTION 3 In agreement with the CD experiments presented above for the E636A variant, product analysis by 1 H NMR spectroscopy revealed formation of acetolactate and acetate (Fig. 8) along with a trace amount of acetoin. Acetolactate is the major product. Catalytic rate constants of 1.01 s Ϫ1 for acetolactate and 0.07 s Ϫ1 for acetate formation were determined by 1 H NMR when using 10 mM pyruvate, in good agreement with the value of 1.25 s Ϫ1 determined for acetolactate formation from CD data at the same pyruvate concentration. When the E636A variant was reacted with an equimolar amount of pyruvate and 2-ketobutyrate, only formation of acetolactate and acetate could be detected, but not of acetohydroxybutyrate, indicating that the E636A PDHc-E1 variant can be classified as an acetolactate synthase rather than an acetohydroxyacid synthase.
DISCUSSION
According to the high resolution structure of the homodimeric PDHc-E1 in complex with ThDP, the residue Glu 636 is located in the active center cleft leading to the ThDP binding site (2) . Amino acid residues from both subunits are involved in the formation of this cleft. In this structure the Glu 636 (subunit B) forms a hydrogen bond with Tyr 177 (subunit A), which has a role in stabilization of transition state(s) in the reaction path-SCHEME 2. way, starting with the free enzyme and culminating with the first irreversible step (2). In the crystal structure of PDHc-E1 in complex with ThTDP (ThDP with a C2 ϭ O substitution), an analog of the enamine intermediate which is often cited as a "transition state analog," the residue Glu 636 is involved in extensive hydrogen bonding via water molecules W6 and W8, clearly indicating that Glu 636 is involved in the stabilization of the enamine intermediate ( Fig. 1) (3) .
To reveal the structural/mobility consequences of the Glu 636 substitutions, we generated tryptic peptide maps quantified by FT-ICR MS for the parental PDHc-E1 and its E636A variant. The analysis allowed us to identify changes in the mobility of at least two loops adjacent to the active site: one comprising amino acid residues 240 -247 from the ThDP binding fold, and the second one comprising amino acid residues 541-557, a loop not seen in the crystal structure of the PDHc-E1⅐ThDP complex. Because the loop comprising the amino acid residues from the ThDP binding fold is located far away from Glu 636 , its mobility is unlikely to be affected by the conformational changes produced by the E636A substitution, hence the induced change is more likely a result of disorder caused by a defect in active center communication. There was such a disorder-order transition of two loops reported on binding of ThDP to transketolase (19) . Recently, it was also reported that two loops, which were disordered in apo-E1 of branched chain 2-oxo acid dehydrogenase complex from Thermus thermophilus HB8, became ordered in the E1⅐ThDP complex (20) . Relevant to our study, nonequivalence was also observed of two active site loops (inner and outer) on the ␣ subunit in the Bacillus stearotermophilus heterotetrameric ␣ 2 ␤ 2 E1 (21); the loops were ordered in one ␣ subunit but not in the other. Subjecting the outer loop to limited proteolysis led to reaction in only half of the E1 ␣ chains, indicating conformational asymmetry (21) .
A multitude of experimental results led us to conclude that the E636A and E636Q variants behave according to a halfof-the-sites mechanism indicated by occupancy of only one of two active centers, especially evident with the E636A variant (9): 1) Kinetic and fluorescence titration experiments revealed that the E636A substitution strongly affects ThDP binding. Analysis of the lag phase observed on addition of ThDP clearly indicates binding only in one of two sites for both variants. 2) Evidence for formation of the 1Ј,4Ј-imino PLThDP by the E636A and E636Q variants was obtained by CD indicating that the substitutions do not affect formation and stabilization of 1Ј,4Ј-imino PLThDP, and, presumably, the formation and stabilization of LThDP, the first covalent intermediate on the reaction pathway (Scheme 1). The amplitude of the CD signal at maximum concentration of PLThDP with both variants was half of that observed for parental PDHc-E1. 3) An analysis of covalent ThDP-bound intermediates by 1 H NMR revealed the presence of HEThDP (14%), ALThDP (acetolactyl-ThDP) (6%), and ThDP (30%) in half of the active centers of E636A variant. The results with the E636A, and to a lesser extent with the E636Q variant, amplify the importance of residue Glu 636 in active center communication, reflected by the half-of-the-sites behavior.
In a recent article, the Perham group (21) suggested communication between the two ThDPs via a series of acidic groups creating a "proton tunnel." A similar communication path was also suggested for E. coli PDHc-E1; however, the glutamate 636 is not located directly on this path (22) (16). For comparison, the D28A variant of YPDC produced (S)-acetolactate with a k cat ϭ 0.052 s Ϫ1 (26) . According to the CD experiments, the acetolactate produced in the PDHc reaction is optically active, as was the case with the D28A variant of YPDC (26) and AHAS (28) . However, the CD signal with maximum around 301-302 nm had a negative sign for the PDHc-E1 E636 variants, whereas it has a positive maximum at the same wavelength for both the acetolactate produced from pyruvate by AHAS (28) and by the D28A YPDC variant. Although AHAS and YPDC form the (S)-acetolactate configuration, PDHc-E1 forms the (R) configuration. The acetoin formed by PDHc-E1 also had the opposite configuration to that produced by the E477Q YPDC variant (26) . As depicted in Fig. 9 , these stereochemical results require that the second pyruvate molecule (or the acetaldehyde in the case of acetoin formation) enters the active center presenting the opposite facial stereoselectivity on PDHc-E1 than on AHAS or YPDC, further suggesting that so does the first molecule of pyruvate.
Importantly, the residue Glu 636 of PDHc-E1 and Asp 28 of YPDC (equivalent to residue Asp 27 of the pyruvate decarboxylase from Zymomonas mobilis (29) ) do share a role, blocking the second molecule of pyruvate from entering the active site, which could lead to acetolactate formation. Also, as with YPDC, it appears that it is the negative charge on these residues which helps to avoid the side reaction by electrostatic repulsion vis à vis the second molecule of pyruvate, because with both YPDC and PDHc-E1, conversion of the aspartate (YPDC) or glutamate (PDHc-E1) to the amidated form or to alanine led to the same outcome. It is interesting to speculate why on benzoylformate decarboxylase, an enzyme analogous to YPDC, where the methyl group of pyruvate is replaced by a phenyl ring, the residue Ser 26 occupies the position corresponding to Asp 28 of YPDC (30, 31) . Perhaps, although the YPDC and PDHc-E1 require the negative charge at Asp 28 and Glu 636 , respectively, to repel the second pyruvate, on BFD the likelihood of this side reaction is diminished because of the much larger size of the substrate benzoylformate compared with pyruvate. 
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